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Abstract: Endoglin (Eng, CD105) is a type I membrane glycoprotein that functions in endothelial
cells as an auxiliary receptor for transforming growth factor β (TGF-β)/bone morphogenetic protein
(BMP) family members and as an integrin ligand, modulating the vascular pathophysiology. Besides
the membrane-bound endoglin, there is a soluble form of endoglin (sEng) that can be generated
by the action of the matrix metalloproteinase (MMP)-14 or -12 on the juxtamembrane region of
its ectodomain. High levels of sEng have been reported in patients with preeclampsia, hyperc-
holesterolemia, atherosclerosis and cancer. In addition, sEng is a marker of cardiovascular damage
in patients with hypertension and diabetes, plays a pathogenic role in preeclampsia, and inhibits
angiogenesis and tumor proliferation, migration, and invasion in cancer. However, the mechanisms
of action of sEng have not yet been elucidated, and new tools and experimental approaches are
necessary to advance in this field. To this end, we aimed to obtain a fluorescent form of sEng as
a new tool for biological imaging. Thus, we cloned the extracellular domain of endoglin in the
pEGFP-N1 plasmid to generate a fusion protein with green fluorescent protein (GFP), giving rise
to pEGFP-N1/Eng.EC. The recombinant fusion protein was characterized by transient and stable
transfections in CHO-K1 cells using fluorescence microscopy, SDS-PAGE, immunodetection, and
ELISA techniques. Upon transfection with pEGFP-N1/Eng.EC, fluorescence was readily detected
in cells, indicating that the GFP contained in the recombinant protein was properly folded into the
cytosol. Furthermore, as evidenced by Western blot analysis, the secreted fusion protein yielded the
expected molecular mass and displayed a specific fluorescent signal. The fusion protein was also
able to bind to BMP9 and BMP10 in vitro. Therefore, the construct described here could be used as a
tool for functional in vitro studies of the extracellular domain of endoglin.
Keywords: endoglin; GFP; soluble endoglin; fusion protein; recombinant protein; fluorescence; BMP;
TGF-β; endothelium
1. Introduction
Human endoglin is a type I integral membrane protein with a large (561 amino acids)
glycosylated extracellular region, a single hydrophobic transmembrane domain, and a short
cytosolic domain [1]. It is predominantly expressed on proliferating endothelial cells and
plays a critical role in vascular pathophysiology [2–6]. In addition to the membrane-bound
form, a soluble form of endoglin (sEng) can be generated by the action of the metallopro-
teases (MMP) MMP-14 or MMP-12 on the ectodomain of the membrane protein [7–10].
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Abnormal levels of sEng were found in several endothelium-related pathological con-
ditions, including preeclampsia [11,12], hypercholesterolemia and atherosclerosis [5,13],
diabetes mellitus [14], hypertension [15], diabetic retinopathy [16], coronary artery dis-
ease [17], hereditary hemorrhagic telangiectasia [18,19], acute myocardial infarction [20]
and cancer [21,22]. In some of these diseases, sEng has been postulated to be a biomarker
for severity correlation and prognosis.
Many of the cellular functions of endoglin are ascribed to the extracellular region,
including its capacity to bind members of the transforming growth factor-β (TGF-β), TGF-β
signaling receptors types I and II, or integrin family members [23–27]. Because the extracel-
lular region encompasses ~90% of the human endoglin protein [1] and most of the cellular
functions of endoglin map to the extracellular domain [2,5], some studies focused on the
recombinant expression of this region as a soluble protein. Early studies achieved the
bacterial expression of different fragments of the endoglin ectodomain, but the resulting
recombinant proteins were in inclusion bodies [28]. Because human endoglin undergoes
post-translational modifications, including glycosylation and phosphorylation [1,29], the
lack of these modifications in a bacterial expression system might lead to protein aggrega-
tion and targeting to inclusion bodies. By contrast, several studies reported the mammalian
expression in vitro and in vivo of different soluble active forms of the extracellular region
of endoglin, which served to investigate its function in angiogenesis, wound healing, en-
dothelial dysfunction, hereditary hemorrhagic telangiectasia, and hypertension, among
others [5,19,25,26,30,31].
Endoglin is expressed as a disulfide-linked homodimer [1,32]. Structurally, the ex-
tracellular region of endoglin contains a juxtamembrane zona pellucida (ZP) domain of
260 amino acid residues and an orphan domain, which does not show any significant
homology to any other protein family and is located in the NH2-terminus of the pro-
tein [33]. The ZP domain encodes an Arg–Gly–Asp (RGD) tripeptide that partly mediates
the endoglin interaction with integrins [34–37]. In contrast, the orphan domain accounts
for the binding to bone morphogenetic protein 9 (BMP9) and BMP10, in agreement with
the role of endoglin as an auxiliary TGF-β receptor [24–26,38,39]. In addition, several
studies identified novel endoglin-specific interactors, suggesting the involvement of the
extracellular region of endoglin in TGF-β- and integrin-independent pathways [40,41]. Sev-
eral intracellular ligands of the endoglin ectodomain, including tripartite motif-containing
protein 21 (TRIM21), an E3 ubiquitin-protein ligase, and galectin-3, a secreted member of
the lectin family, were identified [41].
Although recent studies have provided new insights for understanding the wide
range of pathophysiological effects of sEng, the underlying mechanisms of action of the
extracellular region of endoglin are yet to be clarified [19,42,43]. This is partly due to the lack
of new and appropriate reagents and experimental approaches. Previous reports showed
that expression of the whole extracellular domain of endoglin (Glu26–Gly586) results
in a soluble and functional protein with the capacity to bind BMP9 and BMP10 [25,26].
Here, we generated a soluble protein containing the same endoglin ectodomain fused with
the enhanced green fluorescent protein (EGFP), a derivative of GFP. Fluorescent proteins
are versatile and indispensable biological markers for tracking protein localization or
monitoring cellular and physiological processes [44–46]. Specifically, this technology was
widely used to study other secreted proteins [47–49]. Among the advantages of using a
fluorescent sEng is the capacity to track its binding to specific cell surface receptors or the
identification of novel interactors within the extracellular or intracellular compartment,
including those along the secretory pathway. For example, these studies can be achieved
by direct fluorescent visualization using cellular microscopy or Förster resonance energy
transfer (FRET) for protein–protein interaction analysis. With these studies of the sEng
interactome, we intend to improve our understanding of sEng function. Here, we generated
an expression vector encoding the extracellular domain of endoglin fused with EGFP
(pEGFP–N1/ENG.EC). The recombinant protein was characterized by transient and stable
transfections in mammalian cells using fluorescence microscopy, flow cytometry, Western
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blot, and ELISA techniques. The capacity to bind BMP9 and BMP10 was also confirmed
in vitro. Results suggest that this newly described reagent may be a valuable tool to study
the role of the sEng network in different pathophysiological conditions.
2. Results
In order to obtain a fusion protein between endoglin and the enhanced green flu-
orescent protein (EGFP), we cloned the extracellular domain of endoglin in expression
vector pEGFP–N1 to generate the pEGFP–N1/Eng.EC plasmid (Figure 1a). The resulting
construct encodes the ectodomain of endoglin (Glu26–Gly586), preceded by its native
export signal peptide at the N-terminus, followed in-frame by EGFP at the C-terminus,
leading to a fusion protein of 844 amino acids (Figure 1b). Once secreted, the predicted
fusion protein is expected to be a disulfide-linked dimer (Figure 1c) in agreement with the
dimeric nature of endoglin [1].
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resentation of pEGFP–N1 expression vector containing a cytomegalovirus promoter, the neomy-
cin/kanamycin resistance gene, an SV40 enhancer, and a polyA sequence. Human endoglin cDNA 
(Met1-Gly586) was inserted into the multicloning site upstream of EGFP cDNA. (b) Schematic rep-

















Endoglin (Met1-Gly586) EGFP (825 amino acids)
NH2- -COOH




Figure 1. Generation of expression vector encoding endoglin–GFP fusion protein. (a) Schematic
representation of pEGFP–N1 expression vector containing a cytomegalovirus promoter, the
neomycin/kanamycin resistance gene, a SV40 enhancer, and a polyA sequence. Human endoglin
cDNA (Met1-Gly586) was inserted into the multicloning site upstream of EGFP cDNA. (b) Schematic
representation of predicted primary structure of the fusion protein. Relative positions of endoglin
(amino terminus), a small linker (L), and EGFP (carboxy terminus) sequences within the fusion
protein that contains a total of 844 amino acids are indicated. SP, Signal peptide. (c) Schematic repre-
sentation of predicted fusion protein upon secretion. Presence of endoglin disulfide linkages (S-S)
leading to a dimeric protein is indicated. Potential glycosylation sites were omitted for simplification.
Drawings are not to scale.
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The predicted sequence of the fusion protein shows the endoglin signal peptide of
25 amino acids, followed by 561 residues of the whole extracellular region of endoglin, a
linker fragment of 19 amino acids, and 239 residues of GFP (Figure 2).
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Figure 2. Predicted amino acid sequence of endoglin–GFP fusion protein. Amino acids are numbered
on the left. Positions of endoglin signal peptide at N terminus, endoglin extracellular region, a linker
sequence, and the green fluorescent protein (GFP) at the C terminus are indicated. A single-letter
code for amino acids is used.
Next, we transfected the pEGFP–N1/Eng.EC vector in CHO-K1 cells, and, after
stringent selection in the presence of the G418 antibiotic, a stable cell line was obtained.
Parallel transfection experiments using an empty vector were also carried out to generate a
stable cell line used as a negative control. To validate the expression of the recombinant
endoglin–GFP fusion protein, fluorescence characterization of cell transfectants was carried
out (Figure 3). As shown in Figure 3a, a clear green fluorescence signal was observed in
CHO-K1 cells transfected with the pEGFP–N1/Eng.EC vector, as evidenced by fluorescence
microscopy. By contrast, control cells transfected with the empty vector did not yield any
significant fluorescence. In addition, fluorescence was readily detected in CHO-K1/pEGFP-
N1/Eng.EC cells by flow cytometry analysis, showing that more than 95% of the cells were
positive for EGFP, compared to 2% of the negative control (Figure 3b).
The characterization of the recombinant protein was performed by Western blot
analysis using antibodies to either endoglin or GFP (Figure 4a). Culture supernatants
from CHO-K1 cells transfected with the pEGFP–N1/Eng.EC vector revealed the presence
of a soluble recombinant protein with a molecular weight of ~275 kDa. A signal with
the same molecular mass was also observed in total cell extracts, but in this case, the
signal was weaker than that in the supernatants (Figure 4a). This is likely due to the
scarce and transient presence of the fusion protein along the secretory pathway and the
nuclear translocation of EGFP (Figure 3a), as reported in mammalian cells [50]. Western blot
analysis of the secreted protein, previously subjected to reducing or nonreducing conditions,
demonstrated that it is expressed as a disulfide-linked homodimer (Figure 4b). This agrees
with the dimeric nature of endoglin due to cysteine residues in its extracellular region
involved in interchain disulfide bonding [1,30,32,39]. The presence of the fusion protein
in the culture medium was confirmed by using specific ELISA for endoglin (Figure 4c)
and by measuring its fluorescence (Figure 4d). The average protein yield obtained in the
different culture supernatants was within the concentration range of 5.0–20 ng/mL. These
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results suggest that the secreted fusion protein was correctly expressed in a fluorescently
active form.
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CHO-K1 cells transfected with the pEGFP–N1/Eng.EC vector revealed the presence of a 
soluble recombinant protein with a molecular weight of ~275 kDa. A signal with the same 
molecular mass was also observed in total cell extracts, but in this case, the signal was 
weaker than that in the supernatants (Figure 4a). This is likely due to the scarce and tran-
sient presence of the fusion protein along the secretory pathway and the nuclear translo-
cation of EGFP (Figure 3a), as reported in mammalian cells [50]. Western blot analysis of 
Figure 3. Fluorescence characterization of cell transfectants expressing endoglin–GFP fusion protein.
CHO-K1 cells stably transfected with pEGFP–N1/Eng.EC (Endoglin-GFP) or an empty vector (Ø)
were an lyzed by (a) fluorescence microscopy or (b) flow cyto etry. ll ere seeded and
cultured on 35 mm gla s bottom dishes. After removing media and washing with PBS, cells were
observed under fluorescence and light microscopy using a multidimensional microscope (System
Leica AF6000 LX, Leica Microsystems, Wetzlar, Germany) at 40× magnification. (b) Cells were
trypsinized, washed, and resuspended in PBS. Cell fluorescence was analyzed with a Coulter EPICS-
XL flow cytometer using logarithmic amplifiers. Vertical line represents the gate determined by
the intensity corresponding to the empty vector (Ø). Percentage of positive cells indicated by the
horizontal bar.
The biological activity of the endoglin–GFP fusion protein was assessed by examining
its capacity to neutralize BMP9 and BMP10 signaling in the C2C12-BRE reporter line [51].
Preincubation of the purified endoglin–GFP protein (10 µg/mL) with BMP9 or BMP10
significantly attenuated the luciferase response in the C2C12-BRE cells (Figure 5). At
2.5 µg/mL, endoglin–GFP significantly inhibited the response to BMP10, whereas the
Int. J. Mol. Sci. 2021, 22, 11282 6 of 13
BMP9 response was not significantly reduced. These results confirmed that the endoglin–
GFP construct could bind to BMP9 and BMP10.
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fected with pEGFP–N1/Eng.EC (EG) or an empty vector (Ø) were cultured for 3 days. (a,b) Western
blot analysis. Proteins contained in the culture medium or total cell lysates (TCL) were separated by
SDS-PAGE under reducing (R) or nonreducing (NR) conditions and transferred to PDVF membranes.
Immunodetection by chemilum nescen e of endoglin or GFP was carried out with specific primary
antibodies, using α-tubulin as a loading control. Positions of molecular mass markers are indicated
(in kDa) on the left. (a) Samples were run under NR conditions. (b) Immunodetection was carried
out with anti-GFP antibodies, and positions of the dimer and monomer are indicated. Mr, molecular
weight reference. (c,d) Culture medium from CHO-K1 cell transfectants analyzed by ELISA to
(c) measure concentrations of soluble endoglin in a GloMax multidetection system and (d) determine
fluorescence in a Varioskan instrument at 488/509 nm. p < 0.01 (*) and p < 0.005 (***).
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cellular region of endoglin and GFP. This recombinant fusion protein is expressed as a 
disulfide-linked dimer of 275 kDa and is readily secreted by CHO-K1 cell transfectants, as 
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3. Discussion
Soluble endoglin encompasses most of the ectodomain of membrane-bound endoglin,
and is involved in several cardiovascular and metabolic pathologies [2,5,52]. While the
cellular expression and functional role of membrane endoglin were widely studied and
characterized [3,5,53–55], the cellular and molecular mechanisms by which sEng exerts
its pathophysiological effects are poorly understood [19,42,43]. Thus, the generation of
new sEng-related reagents may be useful in evolving technologies to advance the scientific
knowledge of this soluble protein. Whereas a previous study reported the expression of a
full-length membrane-bound endoglin fused to a fluorescent protein [56], to our knowledge,
we generated for the first time a fusion protein here between the whole extracellular region
of endoglin and GFP. This recombinant fusion protein is expressed as a disulfide-linked
dimer of 275 kDa and is readily secreted by CHO-K1 cell transfectants, as evidenced by
Western blot and ELISA techniques. The GFP fluorescence activity of this fusion protein
could be detected in both intracellular and soluble forms. Previous studies suggested that
the GFP properly folded, and emitting fluorescence cannot be secreted out of cells without
a signal peptide [57,58]. In fact, most pre-existing secretory GFP-derived proteins were
generated by a fusion of nascent GFP to the protein of interest that is naturally secreted out
of cells [58–60]. Thus, the endoglin signal peptide of this construct facilitated the secretion of
the functionally active GFP. Nonetheless, the expression of this fluorescent endoglin/GFP
fusion protein could be further maximized by screening a mammalian signal-peptide
library, as demonstrated with heterologous proteins expressed in bacteria [61]. In addition,
the cytotoxicity of GFP from the hydrozoan jellyfish Aequorea victoria, when expressed into
mammalian cells, should be taken into account to optimize the expression of this GFP
fusion protein [62]. Accordingly, long-term cultures of cells expressing GFP fusion proteins
may cause cell lysis and proteolysis, resulting both in impaired expression and the leakage
of a proteolytically degraded recombinant protein into the medium. This limitation was
not observed in our cellular expression system, as we found neither increased cell lysis nor
a proteolytically degraded recombinant protein.
The construct described here could be used as a tool for the functional in vitro stud-
ies of the extracellular domain of endoglin aiming to study the cell surface receptors
of sEng, and identify novel sEng interactors of the extracellular and intracellular pro-
teome [2,25,26,39–41]. GFP is highly stable, facilitating the accumulation of GFP fusion
proteins and their easy detection in cells. Overall, GFP-derived proteins offer several
advantages for in vitro studies. They allow for the direct visual detection of proteins in
living cells by fluorescence microscopy, with relatively low background, high resolution,
and avoidance of fixation artifacts. The fluorescence activity of GFP fusion proteins in
solution can also be detected by fluorometry. At variance with other enzymatic markers,
such as luciferase or secreted embryonic alkaline phosphatase (SEAP), GFP fusion proteins
do not need substrates, cofactors or complex reactions for marker detection, and can be
visualized in living cells or organisms [44,45,63].
The endoglin–GFP fusion protein generated here has a molecular weight of 275 kDa.
The large size of this protein might be an advantage for structural studies. The 3D crystal
structures at 2.4 Å resolution or better of the individual N-terminal orphan region and the C-
terminal bipartite zona pellucida module (ZP) of the endoglin ectodomain were elucidated
by X-ray crystallography [39]. However, the whole endoglin ectodomain was only analyzed
at 25 Å resolution using single-particle electron microscopy [33], while studies to obtain its
crystal structure have so far been unsuccessful. Recently, high-resolution single-particle
cryoelectron microscopy (cryo-EM) [64,65] has emerged as a powerful tool for investigating
protein structures at resolutions previously only attainable by X-ray crystallography, and
whose optimal molecular size range theoretically fits well with the molecular weight of the
endoglin–GFP fusion protein described here. Thus, it is interesting to analyze by cryo-EM
the secreted endoglin–GFP protein construct.
Previous reports demonstrated that the extracellular domain of endoglin (Glu26–
Gly586) can bind BMP9 and BMP10 [25,26,43]. To confirm that the endoglin–GFP protein
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was functionally active, this protein can inhibit BMP9 and BMP10 signaling in C2C12-BRE
cells [51].
Further studies are needed to investigate the utility of this fluorescent construct re-
garding the structure, protein–protein interactions, and function of sEng, which is critically
involved in several cardiovascular diseases.
4. Materials and Methods
4.1. Plasmids
DNA segments encoding the extracellular domain of human endoglin from amino acid
Met1 (position 419) to Gly586 (position 2176) were generated by PCR using PfuTurbo DNA
polymerase (Stratagene, La Jolla, CA, USA) and cloned into the pEGFP–N1 expression
vector (Clontech, Takara Bio Europe SAS, Saint-Germain-en-Laye, France) inframe with the
EGFP protein from Aequorea victoria (Figure 1). Briefly, PCR was carried out using pcEXV-
ENG [32] as a template to generate the extracellular domain and in the presence of sequence-
specific oligonucleotides with add-on sequences surrounded by NheI and HindIII sites
(5′-ATA GCT AGC ATG GAC CGC GGC ACG CTC C -3′and 5′-CGC AAG CTT GCC TTT
GCT TGT GCA ACC AGA -3′, respectively). The resulting fragments were double-digested
with NheI and HindIII, and inserted at the NheI/HindIII sites of the pEGFP–N1 expression
vector (Figure 1). The construct (pEGFP–N1/Eng.EC) was verified by DNA sequence
analysis. For protein purification purposes, a streptavidin tag (Strep-tag®II; WSHPQFEK)
was added to the C terminus (GenScript Biotech, Leiden, The Netherlands) leading to
the EGFP–N1–EndoglinCDS1 plasmid. In addition, plasmid pcDNA3.1 (ThermoFisher
Scientific, Waltham, MA, USA), encoding the neomycin resistance gene was used as a
negative control in cell transfections.
4.2. Cell Culture and Transfection
The Chinese Hamster Ovary (CHO)-derived cell line CHO-K1 was cultured at 37 ◦C
and 5% CO2 in a DMEM culture medium containing 10% heat-inactivated fetal bovine
serum (FBS), 2 mM glutamine, and 100 U/mL penicillin/streptomycin. Cells were seeded
onto 6-well culture plates, and when they had reached 70–80% confluency by the next
day, they were transfected with expression vector pEGFP–N1/Eng.EC or the pcDNA3.1
empty vector (Ø) using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA,
USA), according to the manufacturer’s instructions. Two days later, cells were selected
first using 1 mg/mL G418 for 3 days, and then 0.8 mg/mL G418 for 5 more days. Next,
0.5 mg/mL G418 was used for the maintenance of stably transfected cell lines. Lastly, EGFP-
expressing cells were enriched by cell sorting using Cell Sorter FACS Vantage equipment
(BD Biosciences, San Jose, CA, USA).
4.3. In Vivo Cell Imaging and Flow Cytometry
For in vivo microscopic analysis, CHO-K1 cells were seeded onto 35 mm glass-bottom
dishes. After removing the media and adding PBS, cells were observed by fluorescence and
light microscopy using a multidimensional microscope (System Leica AF6000 LX, Leica
Microsystems, Wetzlar, Germany) at 40× magnification. For flow cytometry, CHO-K1 cells
expressing the endoglin–GFP fusion protein were trypsinized, washed twice with PBS, and
resuspended in PBS (500,000 cells/mL). Cell fluorescence was estimated with a Coulter
EPICS-XL flow cytometer using logarithmic amplifiers, and results were analyzed with
Flow Logic software.
4.4. Western Blot Analysis
CHO-K1 cells were centrifuged, and their pellets were resuspended in a high-salt
buffer (HSB) containing 0.4 M KCl, 1% NP-40, 10% glycerol, 50 mM Hepes, pH 7.5, and
protease inhibitors. The mixture was vortexed, disrupted by sonication, and the remaining
cell debris was discarded by centrifugation. Proteins from total cell lysates (30–40 µg) or
3-day cell culture media (30 µL) were separated by SDS-PAGE under reducing or nonre-
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ducing conditions and transferred to PVDF membranes (Invitrogen, Waltham, MA, USA).
Membranes were blocked with 5% BSA and incubated overnight at 4 ◦C with primary mon-
oclonal antibodies rabbit anti-endoglin (EPR10145; 1:1000 dilution, Abcam, Cambridge,
UK) and mouse anti-GFP (#632380; 1:1000 dilution, Clontech, Takara Bio Europe SAS,
Saint-Germain-en-Laye, France). Loading control antibodies were also included (mouse
mAb anti-α-tubulin; DM1A, Sigma-Aldrich, St. Louis, MO, USA). Then, membranes were
incubated with the corresponding secondary antibodies coupled to horseradish peroxidase
(HRP), goat anti-rabbit (P0448; 1:1000 dilution, Dako, Santa Clara, CA, USA) or rabbit anti-
mouse (P0260; 1:1000 dilution, Dako, Santa Clara, CA, USA) for 1 h at room temperature.
Protein bands were revealed using SuperSignal™ West Pico Plus chemiluminescent sub-
strate (#34580, Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer’s
protocol. Bands were visualized using the Molecular Imager® Gel DocTM XR + System
(Bio-Rad, Hercules, CA, USA).
4.5. Fluorescence and ELISA and of Secreted Proteins
After 3 days in culture, the medium from CHO-K1 cells was used to measure GFP
fluorescence and endoglin protein concentration. Fluorescence in cell culture media was
measured using a Varioskan instrument (Thermo Fisher Scientific, Waltham, MA, USA)
at 488/509 nm. Concentrations of endoglin in culture supernatants were determined
by ELISA, according to the manufacturer´s protocol using the Human Endoglin/CD105
Quantikine kit (DNDG00, R&D Systems, Minneapolis, MN, USA). These immunoassays
were measured in a GloMax multidetection system (Promega, Madison, WI, USA).
4.6. C2C12-BRE Luciferase Assay
C2C12-BRE cells [51] were seeded at 30,000 cells/well in 96-well plates and grown
for 3 days in DMEM containing 10% heat-inactivated FBS and antibiotic/antimycotic
(Thermo Fisher Scientific, Waltham, MA, USA). Cells were then washed once with DMEM
containing 0.1% FBS and antibiotic/antimycotic; after aspiration of the washed, they were
incubated in fresh 0.1% FBS overnight. The endoglin–GFP protein was expressed using the
EGFP–N1–EndoglinCDS1 plasmid and purified with Strep-Tactin®XT (GenScript Biotech,
Leiden, The Netherlands). As the provided dilution of the protein stock (30 µg/mL)
was limiting, media for the incubations were prepared using 10X M199 (Sigma-Aldrich,
St. Louis, MO, USA). Dilutions of BMP9 or BMP10 (both from R&D Systems, Minneapolis,
MN, USA) were incubated in the absence or presence of endoglin–GFP in M199 containing
1.5 mg/mL sodium bicarbonate, 4 mM L-glutamine, 25 mM Hepes, and 0.5% recombinant
human serum albumin (Sigma-Aldrich, St. Louis, MO, USA). ALK1-Fc (R&D Systems,
Minneapolis, MN, USA) was included as a positive control.
4.7. Quantification and Statistical Analysis
All assays were performed in triplicate, each repeated at least twice. Values are
expressed as mean ± standard error of the mean (SEM). Direct group–group comparisons
were carried out using independent Student’s t-tests; p < 0.01 (*) and p < 0.05 (**) were
considered to be statistically significant, and p < 0.005 (***) was considered to be highly
statistically significant. For the luciferase assays, data for endoglin–GFP protein were
compared by one-way ANOVA to the respective ligand; p < 0.0005 (###) relative to BMP9
and p < 0.0001 (****) relative to BMP10 were considered to be highly significant.
Author Contributions: Conceptualization, C.B., P.D.U. and L.R.-L.; methodology, L.R.-L., P.D.U.,
F.J.F., M.C.V. and C.L.; formal analysis, L.R.-L., P.D.U., C.L. and C.B.; investigation, L.R.-L., P.D.U.,
C.L., F.J.F., M.C.V. and C.B.; resources, C.B.; writing—original draft preparation, C.B. and L.R.-L.;
writing—review and editing, C.B., P.D.U., F.J.F., M.C.V. and L.R.-L.; visualization, C.B. and L.R.-L.;
supervision, C.B.; project administration, C.B.; funding acquisition, M.C.V., P.D.U., N.W.M. and C.B.
All authors have read and agreed to the published version of the manuscript.
Int. J. Mol. Sci. 2021, 22, 11282 10 of 13
Funding: This research was funded by grants from Ministerio de Ciencia, Innovación y Universi-
dades of Spain (SAF2013-43421-R to C.B. and RTI2018-102242-B-I00 to M.C.V.), Centro de Inves-
tigación Biomédica en Red de Enfermedades Raras (CIBERER; ISCIII-CB06/07/0038 to C.B. and
contract CNV-234-PRF-360 to L.R.-L.) and Consejo Superior de Investigaciones Científicas (CSIC;
201920E022 to C.B.) and the British Heart Foundation (Programme Grant RG/19/3/34265 to P.D.U.
and N.W.M.). CIBERER is an initiative of the Instituto de Salud Carlos III (ISCIII) of Spain supported
by FEDER funds.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data presented in this study are available on request from the corre-
sponding author.
Acknowledgments: C2C12-BRE cells were kindly provided by Gareth Inman (Institute of Cancer
Sciences, University of Glasgow, UK) and Blanca Herrera (Department of Biochemistry and Molecular
Biology, Complutense University of Madrid, Spain). We thank Leonor Kremer (Centro Nacional de
Biotecnología, CSIC, Madrid, Spain) for the useful comments.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.
References
1. Gougos, A.; Letarte, M. Primary structure of endoglin, an RGD-containing glycoprotein of human endothelial cells. J. Biol. Chem.
1990, 265, 8361–8364. [CrossRef] [PubMed]
2. López-Novoa, J.M.; Bernabeu, C. The physiological role of endoglin in the cardiovascular system. Am. J. Physiol. Heart Circ.
Physiol. 2010, 299, H959–H974. [CrossRef] [PubMed]
3. Ruiz-Llorente, L.; Gallardo-Vara, E.; Rossi, E.; Smadja, D.M.; Botella, L.M.; Bernabeu, C. Endoglin and alk1 as therapeutic targets
for hereditary hemorrhagic telangiectasia. Expert Opin. Ther. Targets 2017, 21, 933–947. [CrossRef] [PubMed]
4. Kapur, N.K.; Morine, K.J.; Letarte, M. Endoglin: A critical mediator of cardiovascular health. Vasc. Health Risk Manag. 2013, 9,
195–206. [CrossRef] [PubMed]
5. Vicen, M.; Igreja Sá, I.C.; Tripská, K.; Vitverová, B.; Najmanová, I.; Eissazadeh, S.; Micuda, S.; Nachtigal, P. Membrane and soluble
endoglin role in cardiovascular and metabolic disorders related to metabolic syndrome. Cell. Mol. Life Sci. 2020, 78, 2405–2418.
[CrossRef]
6. Liu, Y.; Paauwe, M.; Nixon, A.B.; Hawinkels, L.J.A.C. Endoglin Targeting: Lessons Learned and Questions That Remain. Int. J.
Mol. Sci. 2020, 22, 147. [CrossRef]
7. Hawinkels, L.J.; Kuiper, P.; Wiercinska, E.; Verspaget, H.W.; Liu, Z.; Pardali, E.; Sier, C.F.; ten Dijke, P. Matrix metalloproteinase-14
(MT1-MMP)-mediated endoglin shedding inhibits tumor angiogenesis. Cancer Res. 2010, 70, 4141–4150. [CrossRef]
8. Valbuena-Diez, A.C.; Blanco, F.J.; Oujo, B.; Langa, C.; Gonzalez-Nuñez, M.; Llano, E.; Pendas, A.M.; Díaz, M.; Castrillo, A.;
Lopez-Novoa, J.M.; et al. Oxysterol-induced soluble endoglin release and its involvement in hypertension. Circulation 2012, 126,
2612–2624. [CrossRef]
9. Gallardo-Vara, E.; Blanco, F.J.; Roqué, M.; Friedman, S.L.; Suzuki, T.; Botella, L.M.; Bernabeu, C. Transcription factor KLF6
upregulates expression of metalloprotease MMP14 and subsequent release of soluble endoglin during vascular injury. Angiogenesis
2016, 19, 155–171. [CrossRef]
10. Aristorena, M.; Gallardo-Vara, E.; Vicen, M.; de Las Casas-Engel, M.; Ojeda-Fernandez, L.; Nieto, C.; Blanco, F.J.; Valbuena-Diez,
A.C.; Botella, L.M.; Nachtigal, P.; et al. MMP-12, Secreted by Pro-Inflammatory Macrophages, Targets Endoglin in Human
Macrophages and Endothelial Cells. Int. J. Mol. Sci. 2019, 20, 3107. [CrossRef]
11. Pérez-Roque, L.; Núñez-Gómez, E.; Rodríguez-Barbero, A.; Bernabéu, C.; López-Novoa, J.M.; Pericacho, M. Pregnancy-Induced
High Plasma Levels of Soluble Endoglin in Mice Lead to Preeclampsia Symptoms and Placental Abnormalities. Int. J. Mol. Sci.
2020, 22, 165. [CrossRef] [PubMed]
12. Rana, S.; Burke, S.D.; Karumanchi, S.A. Imbalances in circulating angiogenic factors in the pathophysiology of preeclampsia and
related disorders. Am. J. Obstet. Gynecol 2020, in press. [CrossRef] [PubMed]
13. Vitverova, B.; Blazickova, K.; Najmanova, I.; Vicen, M.; Hyšpler, R.; Dolezelova, E.; Nemeckova, I.; Tebbens, J.D.; Bernabeu, C.;
Pericacho, M.; et al. Soluble endoglin and hypercholesterolemia aggravate endothelial and vessel wall dysfunction in mouse
aorta. Atherosclerosis 2018, 271, 15–25. [CrossRef] [PubMed]
14. Doghish, A.S.; Bassyouni, A.A.; Mahfouz, M.H.; Abd El-Aziz, H.G.; Zakaria, R.Y. Plasma endoglin in Type2 diabetes patients
with nephropathy. Diabetes Metab. Syndr. 2019, 13, 764–768. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2021, 22, 11282 11 of 13
15. Buda, V.; Andor, M.; Baibata, D.E.; Cozlac, R.; Radu, G.; Corocovac, D.; Danciu, C.; Ledeti, I.; Cheveresan, A.; Nica, C.; et al.
Decreased sENG plasma levels in hypertensive patients with endothelial dysfunction under chronic treatment with Perindopril.
Drug Des. Devel. Ther. 2019, 13, 1915–1925. [CrossRef] [PubMed]
16. Abu El-Asrar, A.M.; Nawaz, M.I.; De Hertogh, G.; Al-Kharashi, A.S.; Van den Eynde, K.; Mohammad, G.; Geboes, K. The
angiogenic biomarker endocan is upregulated in proliferative diabetic retinopathy and correlates with vascular endothelial
growth factor. Curr. Eye Res. 2015, 40, 321–331. [CrossRef]
17. Saita, E.; Miura, K.; Suzuki-Sugihara, N.; Miyata, K.; Ikemura, N.; Ohmori, R.; Ikegami, Y.; Kishimoto, Y.; Kondo, K.; Momiyama,
Y. Plasma soluble endoglin levels are inversely associated with the severity of coronary atherosclerosis-Brief report. Arterioscler.
Thromb. Vasc. Biol. 2017, 37, 49–52. [CrossRef]
18. Botella, L.M.; Albiñana, V.; Ojeda-Fernandez, L.; Recio-Poveda, L.; Bernabéu, C. Research on potential biomarkers in hereditary
hemorrhagic telangiectasia. Front. Genet. 2015, 6, 115. [CrossRef] [PubMed]
19. Gallardo-Vara, E.; Tual-Chalot, S.; Botella, L.M.; Arthur, H.M.; Bernabeu, C. Soluble endoglin regulates expression of angiogenesis-
related proteins and induction of arteriovenous malformations in a mouse model of hereditary hemorrhagic telangiectasia. Dis.
Model. Mech. 2018, 11, dmm034397. [CrossRef] [PubMed]
20. Tseliou, E.; Reich, H.; de Couto, G.; Terrovitis, J.; Sun, B.; Liu, W.; Marbán, E. Cardiospheres reverse adverse remodeling in chronic
rat myocardial infarction: Roles of soluble endoglin and Tgf-β signaling. Basic Res. Cardiol. 2014, 109, 443. [CrossRef]
21. Bernabeu, C.; Lopez-Novoa, J.M.; Quintanilla, M. The emerging role of TGF-beta superfamily coreceptors in cancer. Biochim.
Biophys. Acta 2009, 1792, 954–973. [CrossRef]
22. Placencio-Hickok, V.R.; Madhav, A.; Kim, S.; Duong, F.; Angara, B.; Liu, Z.; Bhowmick, N.A. Soluble CD105 is prognostic of
disease recurrence in prostate cancer patients. Endocr. Relat. Cancer. 2020, 27, 1–9. [CrossRef]
23. Guerrero-Esteo, M.; Sanchez-Elsner, T.; Letamendia, A.; Bernabeu, C. Extracellular and cytoplasmic domains of endoglin interact
with the transforming growth factor-beta receptors I and II. J. Biol. Chem. 2002, 277, 29197–29209. [CrossRef]
24. Blanco, F.J.; Santibanez, J.F.; Guerrero-Esteo, M.; Langa, C.; Vary, C.P.; Bernabeu, C. Interaction and functional interplay between
endoglin and ALK-1, two components of the endothelial transforming growth factor-beta receptor complex. J. Cell. Physiol. 2005,
204, 574–584. [CrossRef]
25. Castonguay, R.; Werner, E.D.; Matthews, R.G.; Presman, E.; Mulivor, A.W.; Solban, N.; Sako, D.; Pearsall, R.S.; Underwood, K.W.;
Seehra, J.; et al. Soluble endoglin specifically binds bone morphogenetic proteins 9 and 10 via its orphan domain, inhibits blood
vessel formation, and suppresses tumor growth. J. Biol. Chem. 2011, 286, 30034–30046. [CrossRef]
26. Alt, A.; Miguel-Romero, L.; Donderis, J.; Aristorena, M.; Blanco, F.J.; Round, A.; Rubio, V.; Bernabeu, C.; Marina, A. Structural
and functional insights into endoglin ligand recognition and binding. PLoS ONE 2012, 7, e29948. [CrossRef]
27. Rossi, E.; Bernabeu, C.; Smadja, D.M. Endoglin as an Adhesion Molecule in Mature and Progenitor Endothelial Cells: A Function
Beyond TGF-beta. Front. Med. 2019, 6, 10. [CrossRef]
28. Pichuantes, S.; Vera, S.; Bourdeau, A.; Pece, N.; Kumar, S.; Wayner, E.A.; Letarte, M. Mapping epitopes to distinct regions of the
extracellular domain of endoglin using bacterially expressed recombinant fragments. Tissue Antigens 1997, 50, 265–276. [CrossRef]
[PubMed]
29. Lastres, P.; Martín-Perez, J.; Langa, C.; Bernabéu, C. Phosphorylation of the human-transforming-growth-factor-beta-binding
protein endoglin. Biochem. J. 1994, 301, 765–768. [CrossRef]
30. Raab, U.; Velasco, B.; Lastres, P.; Letamendía, A.; Calés, C.; Langa, C.; Tapia, E.; López-Bote, J.P.; Páez, E.; Bernabéu, C. Expression
of normal and truncated forms of human endoglin. Biochem. J. 1999, 339, 579–588. [CrossRef] [PubMed]
31. Venkatesha, S.; Toporsian, M.; Lam, C.; Hanai, J.; Mammoto, T.; Kim, Y.M.; Bdolah, Y.; Lim, K.H.; Yuan, H.T.; Libermann, T.A.;
et al. Soluble endoglin contributes to the pathogenesis of preeclampsia. Nat. Med. 2006, 12, 642–649. [CrossRef]
32. Bellón, T.; Corbí, A.; Lastres, P.; Calés, C.; Cebrián, M.; Vera, S.; Cheifetz, S.; Massague, J.; Letarte, M.; Bernabéu, C. Identification
and expression of two forms of the human transforming growth factor-beta-binding protein endoglin with distinct cytoplasmic
regions. Eur. J. Immunol. 1993, 23, 2340–2345. [CrossRef]
33. Llorca, O.; Trujillo, A.; Blanco, F.J.; Bernabeu, C. Structural model of human endoglin, a transmembrane receptor responsible for
hereditary hemorrhagic telangiectasia. J. Mol. Biol. 2007, 365, 694–705. [CrossRef] [PubMed]
34. Rossi, E.; Sanz-Rodriguez, F.; Eleno, N.; Düwell, A.; Blanco, F.J.; Langa, C.; Botella, L.M.; Cabañas, C.; Lopez-Novoa, J.M.;
Bernabeu, C. Endothelial endoglin is involved in inflammation: Role in leukocyte adhesion and transmigration. Blood 2013, 121,
403–415. [CrossRef] [PubMed]
35. Rossi, E.; Lopez-Novoa, J.M.; Bernabeu, C. Endoglin involvement in integrin-mediated cell adhesion as a putative pathogenic
mechanism in hereditary hemorrhagic telangiectasia type 1 (HHT1). Front. Genet. 2015, 5, 457. [CrossRef] [PubMed]
36. Rossi, E.; Smadja, D.M.; Boscolo, E.; Langa, C.; Arevalo, M.A.; Pericacho, M.; Gamella-Pozuelo, L.; Kauskot, A.; Botella, L.M.;
Gaussem, P.; et al. Endoglin regulates mural cell adhesion in the circulatory system. Cell. Mol. Life Sci. 2016, 73, 1715–1739.
[CrossRef] [PubMed]
37. Rossi, E.; Pericacho, M.; Bachelot-Loza, C.; Pidard, D.; Gaussem, P.; Poirault-Chassac, S.; Blanco, F.J.; Langa, C.; González-
Manchón, C.; Novoa, J.M.L.; et al. Human endoglin as a potential new partner involved in platelet-endothelium interactions. Cell.
Mol. Life Sci. 2018, 75, 1269–1284. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2021, 22, 11282 12 of 13
38. Scharpfenecker, M.; van Dinther, M.; Liu, Z.; van Bezooijen, R.L.; Zhao, Q.; Pukac, L.; Löwik, C.W.; ten Dijke, P. BMP-9 signals via
ALK1 and inhibits bFGF-induced endothelial cell proliferation and VEGF-stimulated angiogenesis. J. Cell Sci. 2007, 120, 964–972.
[CrossRef]
39. Saito, T.; Bokhove, M.; Croci, R.; Zamora-Caballero, S.; Han, L.; Letarte, M.; de Sanctis, D.; Jovine, L. Structural Basis of the
Human Endoglin-BMP9 Interaction: Insights into BMP Signaling and HHT1. Cell Rep. 2017, 19, 1917–1928. [CrossRef]
40. Xu, G.; Barrios-Rodiles, M.; Jerkic, M.; Turinsky, A.L.; Nadon, R.; Vera, S.; Voulgaraki, D.; Wrana, J.L.; Toporsian, M.; Letarte,
M. Novel protein interactions with endoglin and activin receptor-like kinase 1: Potential role in vascular networks. Mol. Cell.
Proteom. 2014, 13, 489–502. [CrossRef]
41. Gallardo-Vara, E.; Ruiz-Llorente, L.; Casado-Vela, J.; Ruiz-Rodríguez, M.J.; López-Andrés, N.; Pattnaik, A.K.; Quintanilla, M.;
Bernabeu, C. Endoglin Protein Interactome Profiling Identifies TRIM21 and Galectin-3 as New Binding Partners. Cells 2019,
8, 1082. [CrossRef]
42. Gregory, A.L.; Xu, G.; Sotov, V.; Letarte, M. Review: The enigmatic role of endoglin in the placenta. Placenta 2014, 35, S93–S99.
[CrossRef] [PubMed]
43. Lawera, A.; Tong, Z.; Thorikay, M.; Redgrave, R.E.; Cai, J.; van Dinther, M.; Morrell, N.W.; Afink, G.B.; Charnock-Jones, D.S.;
Arthur, H.M.; et al. Role of soluble endoglin in BMP9 signaling. Proc. Natl. Acad. Sci. USA 2019, 116, 17800–17808. [CrossRef]
[PubMed]
44. Enterina, J.R.; Wu, L.; Campbell, R.E. Emerging fluorescent protein technologies. Curr. Opin. Chem. Biol. 2015, 27, 10–17.
[CrossRef]
45. Mishin, A.S.; Belousov, V.V.; Solntsev, K.M.; Lukyanov, K.A. Novel uses of fluorescent proteins. Curr. Opin. Chem. Biol. 2015, 27,
1–9. [CrossRef]
46. Duwé, S.; Dedecker, P. Optimizing the fluorescent protein toolbox and its use. Curr. Opin. Biotechnol. 2019, 58, 183–191. [CrossRef]
47. Naumann, J.M.; Küttner, G.; Bureik, M. Expression and secretion of a CB4-1 scFv-GFP fusion protein by fission yeast. Appl.
Biochem. Biotechnol. 2011, 163, 80–89. [CrossRef]
48. Knapp, A.; Ripphahn, M.; Volkenborn, K.; Skoczinski, P.; Jaeger, K.E. Activity-independent screening of secreted proteins using
split GFP. J. Biotechnol. 2017, 258, 110–116. [CrossRef]
49. Hamed, M.B.; Vrancken, K.; Bilyk, B.; Koepff, J.; Novakova, R.; van Mellaert, L.; Oldiges, M.; Luzhetskyy, A.; Kormanec, J.; Anné,
J.; et al. Monitoring protein secretion in Streptomyces using fluorescent proteins. Front. Microbiol. 2018, 9, 3019. [CrossRef]
[PubMed]
50. Seibel, N.M.; Eljouni, J.; Nalaskowski, M.M.; Hampe, W. Nuclear localization of enhanced green fluorescent protein homomulti-
mers. Anal. Biochem. 2007, 368, 95–99. [CrossRef] [PubMed]
51. Herrera, B.; Inman, G.J. A rapid and sensitive bioassay for the simultaneous measurement of multiple bone morphogenetic
proteins. Identification and quantification of BMP4, BMP6 and BMP9 in bovine and human serum. BMC Cell Biol. 2009, 10, 20.
[CrossRef] [PubMed]
52. Qu, H.; Khalil, R.A. Vascular mechanisms and molecular targets in hypertensive pregnancy and preeclampsia. Am. J. Physiol.
Heart Circ. Physiol. 2020, 319, H661–H681. [CrossRef]
53. Alsamman, M.; Sterzer, V.; Meurer, S.K.; Sahin, H.; Schaeper, U.; Kuscuoglu, D.; Strnad, P.; Weiskirchen, R.; Trautwein, C.;
Scholten, D. Endoglin in human liver disease and murine models of liver fibrosis-A protective factor against liver fibrosis. Liver
Int. 2018, 38, 858–867. [CrossRef]
54. Schoonderwoerd, M.J.A.; Goumans, M.T.H.; Hawinkels, L.J.A.C. Endoglin: Beyond the Endothelium. Biomolecules 2020, 10, 289.
[CrossRef]
55. Meurer, S.K.; Weiskirchen, R. Endoglin: An ‘Accessory’ Receptor Regulating Blood Cell Development and Inflammation. Int. J.
Mol. Sci. 2020, 21, 9247. [CrossRef] [PubMed]
56. Förg, T.; Hafner, M.; Lux, A. Investigation of endoglin wild-type and missense mutant protein heterodimerisation using
fluorescence microscopy based IF, BiFC and FRET analyses. PLoS ONE 2014, 9, e102998. [CrossRef]
57. Tanudji, M.; Hevi, S.; Chuck, S.L. Improperly folded green fluorescent protein is secreted via a non-classical pathway. J. Cell Sci.
2002, 115, 3849–3857. [CrossRef]
58. Roh, J.Y.; Koo, B.C.; Kwon, M.S.; Kim, M.; Kim, N.-H.; Kim, T. Modification of enhanced green fluorescent protein for secretion
out of cells. Biotechnol. Bioproc. Eng. 2013, 18, 1135–1141. [CrossRef]
59. Rajan, S.; Eames, S.C.; Park, S.Y.; Labno, C.; Bell, G.I.; Prince, V.E.; Philipson, L.H. In vitro processing and secretion of mutant
insulin proteins that cause permanent neonatal diabetes. Am. J. Physiol. Endocrinol. Metab. 2010, 298, E403–E410. [CrossRef]
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